Wild and cultivated species of soybeans have coexisted for 5000 years in China. Despite this long history, there is very little information on the genetic relationship of Glycine soja and G. max. To gain insight into the major events in the history of the subgenus Soja, we examined 20 simple sequence repeat (SSR) markers of a large number of accessions (910). The results showed no significant differences between wild and semi-wild soybeans in genetic diversity but significant differences between G. soja and G. max. Ancestry and cluster analyses revealed that semi-wild soybeans should belong to the wild category and not to G. max. Our results also showed that differentiation had occurred not only among G. soja, G. gracilis, and G. max but also within G. soja and within G. gracilis. Glycine soja had 3 clear genetic categories: typical small-seeded ( 2.0 g 100-seed weight), dual-origin middle-seeded (2.0-2.5 g), and large-seeded plants (2.51-3.0 g). These last were genetically close to G. gracilis, their defining some traits having been acquired mainly by introgression from soybeans. Small-seeded G. gracilis (3.01-3.5 g) were genetically different from larger seeded ones (from 3.51 to 4.0 to over 10 g). Seed size predominated over seed coat color in evolutionary degree. Typical and large-seeded G. soja were found to have 0.7% and 12% introgressive cultivar genes, respectively. The genetic boundary of G. gracilis was at the range of 2.51-3.0 g of G. soja. In the great majority of wild accessions, traits such as white flowers, gray pubescences, no-seed bloom, and colored seed coats were likely introgressive from domesticated soybeans.
For this reason, the wild soybean has become the subject of serious study for use in soybean breeding (Singh and Nelson 2009) .
In a broad sense, the ''wild soybean'' is a generalized concept, including typical wild-type (G. soja) and semi wildtype (G. gracilis) plants (Skvortzow 1927) . There is a series of seed sizes between wild and semi-wild types. Typical wild and semi-wild soybeans have no clear morphological boundary. Commonly, plants with seed weights of 3.0 g and below (100-seed weight) are classified as wild soybeans (Broich and Palmer 1980; Wang et al. 2008) , and plants with seed weights over 3.0 g 100-seed weight are considered semi-wild soybeans. In many studies in China, ''wild soybean'' refers to the generalized wild soybean (Dong et al. 2001; Li et al. 2009 ) unless some other meaning is particularly specified. Some scientists believe that semi wildtype soybeans are associated with soybeans, considering them to belong to the cultispecies category (Hermann 1962; Chen and Nelson 2004) and call semi wild-type soybeans ''G. max format gracilis'' (Broich and Palmer 1980) . Hymowitz (1970) hypothesized that G. gracilis is rather the product of hybridization between wild and cultivated soybeans, which was supported by later molecular investigation (Sisson et al. 1978; Abe et al. 1999) . Recent morphological evidence has clearly confirmed that cultivated soybean genes have introgressed into the wild soybean, producing semi-wild soybean plants and even some introgressive hybrid individuals with cultivated genes resembling those of the typical or ''real'' G. soja form Wang and Li 2011a) .
The pattern of morphologically genetic diversity in the generalized wild soybean was studied by Dong et al. (2001) , and other studies examined various DNA markers for the patterns of genetic diversity over diverse geographical scales (Shimamoto et al. 1998; Tozuka et al. 1998; Xu et al. 2002; Xu and Gai 2003; Lee et al. 2008; Li et al. 2009; Li et al. 2010; Wen, Ding, et al. 2009 ). The genetic structure and diversity of the natural population were also explored (Yu and Kiang 1993; Kuroda et al. 2006 Kuroda et al. , 2008 Yan et al. 2008 ). Many studies focused on the interspecific evolutionary differences between wild and cultivated soybeans (Broich and Palmer 1981; Shoemaker et al. 1986; Close et al. 1989; Maughan et al. 1995; Chen and Nelson 2004; Li et al. 2010 ). However, the fine phylogenic and taxonomic intraspecific relationships between types of wild soybean species have been little studied and remain unclear, and many fundamental questions about the subgenus Soja remain unanswered. The main reasons for this are that this species is extremely complicated on the morphological and genetic levels, and only limited materials exist for the study of semiwild soybeans.
The complexity of taxonomic relationships within the subgenus Soja manifests itself above all in seed size, which continuously varies between the typical wild and semi-wild types, overlapping with that of cultivated types. Some wild accessions, having seed weights of less than 3.0 g (100-seed weight), include many characteristics most frequently appearing in cultivated soybeans, such as white flower, coloued seed coats (yellow, green, and brown), no-seed bloom, and gray pubescence. In China's Seed Bank, largeseeded semi-wild accessions weigh over 10.0 g (100-seed weight), and some small-seeded cultivated soybeans weigh only 4-5.0 g. The current wild soybean has coexisted with the cultivated soybean for 5000-6000 years, and the major events in its evolutionary history remain unclear. Because the current taxonomy for the subgenus Soja is based solely on the phylogeny of seed-size evolution, seed size has become the most important, sometimes the only exclusive taxonomic characteristic. The key questions are whether there is actual differentiation occurring among strains of different seed sizes within wild soybeans ( 3.0 g 100-seed weight), where the genetic boundary between the typical wild and semi-wild types lies, whether the semi-wild soybean is taxonomically closer to the wild or the cultivated soybean, and whether there is genetic differentiation between largeseeded semi-wild soybeans and less-evolved primitive soybean landraces.
To answer these questions, we evaluated the fine-scale phylogenetic structure and diversity of plants of the genus Glycine subgenus Soja based on variations of nuclear microsatellite polymorphisms. Our objective was to assess what genetic diversity is present in the wild, semi-wild, and primitive soybean landraces and clarify fundamental phylogenic relationships within the subgenus Soja.
Materials and Methods
There are wild soybean accessions of various forms and types in China's Seed Bank. A total of 910 accessions were used here, including types of wild, semi-wild, and primitive landraces (Table 1 ). All wild and semi-wild materials were sampled from China's Seed Bank. These were directly collected in wild fields (natural habitats) from over 210 county areas across China. We randomly selected 153 wild accession samples ( 3.0 g 100-seed weightt) according to 4 size types (A-D) at intervals of 0.5 g per 100-seed weight. Here, we defined wild soybean seed sizes of ,1.5 g per 100-seed weight as type I small seeds, of 1.51-2.0 g as type II small seeds, of 2.01-2.5 as middling seeds, and of 2.51-3.0 as large seeds.
The semi-wild accessions used here did not include any primitive soybean landraces or any artificial hybrid offspring between wild and cultivated soybeans. We selected 14 seedsize groups (E-R) separated by intervals of 0.4-3.4 g per 100-seed weight in semi-wild soybean accessions (3.01-13.40 g per 100-seed weight) (Table 1) . Here, we defined 5 seed-size classes as follows: 3.01-3.5 and 3.51-4.0 g per 100-seed weight were considered as small seeds; 4.01-4.5, 4.51-5.0, and 5.01-5.5 g were considered small-to-middling; 5.51-6.0, 6.01-6.5, and 6.51-7.0 g were considered middling; 7.01-7.5, 7.51-8.0, and 8.01-8.5 g were considered large; and 8.51-9.0, 9.01-10.0 g, and over 10.0 g were considered outsize seeds. A large number of the total 757 semi-wild accessions were used, covering a wide morphological range. Accessions with seed weights of over 10.0 g, sometimes as large as 13.4 g per 100-seed weight, resembled cultivated plants. The outsize seed accessions were very useful in determining whether semi wild-type subjects should be classified as wild or cultivated soybeans. Here, we wish to emphasize that classifying a wild material as wild or semi-wild was still mainly based on the conventional criterion of seed size. However, seed sizes around 3.0 g per 100-seed weight can vary by year and growing site, so that some populations hover over the boundary between both wild and semi-wild types. For this reason, we used the original Seed Bank data for all accessions suited here. All accessions were propagated in their own local ecological areas when being placed into the Seed Bank.
Three groups of small-seeded landraces (5.0-5.20, 7.0, and 8.0 g per 100-seed weight) totaling 88 accessions were selected for this study, and these accessions showed strong morphological resemblances to outsize-seeded semi-wild plants. Their seed sizes overlapped with those of common semi-wild soybeans but were smaller than those of outsizeseeded semi-wild soybeans (Table 1) . Primitive landraces were included in this study so that as to compare the actual significance with regard to the issue of whether genetic differentiation or evolutionary differences were present between semi-wild and cultivated soybeans. Small-seeded semi-wild soybeans and large-seeded landraces are separate extreme forms and both originally had greater genetic differences within the subgenus Soja, therefore such comparison would be of no significance. So, we compared semi-wild plants of the largest seed size with the smallseeded primitive landrace type that bears nearly weedy prostrate stems.
DNA Extraction and Genotyping of Simple Sequence Repeat Markers
Total genomic DNA was extracted from young seedling leaves according to the common CTAB method. We selected 20 pairs of simple sequence repeat (SSR) markers over the linkage groups (Cregan et al. 1999) . PCR amplification was carried out in a 20-ll reaction mixture containing 100 ng template DNA, 10 pmol each primer, 100 lM of each of the 4 dNTPs, 1 U Taq polymerase, and 2 lL 10Â PCR buffer. The cycling conditions were as follows: 30 s denaturation at 94°C, 30 s annealing at 47°C, and 30 s extension at 72°C (30 cycles). The amplified products were separated on a 6% acrylamide gel (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis), and bands were visualized by silver staining.
Data Analysis
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1.311 (ftp://ftp.microsoft.com/Softlib/ MSLFILES/HPGL.EXE) was used to estimate genetic diversity, and FSTAT2.9.3 (Goudet 2001 ) was used to estimate allelic richness and calculate F-statistic value. The STRUCTURE 2.1 program (Pritchard et al. 2000) was used to identify clusters of genetically similar accessions. One to 100 K (the number of assumed clusters) was used to infer the number of clusters. Each run was conducted 20 times Semi-wild soybeans are classified into 3 morphological forms, G. soja format gracilis (3.01-5.0 g), semi-G. max format gracilis (5.10-8.0 g), and G. max format gracilis (8.01-13.5 g).
with independent simulations for each K value using a model without prior population information and allowing for admixture and correlated allele frequencies with a burn-in period of 50 000 replicates. An ad hoc statistic (DK) based on the second-order change of likelihood with respect to K is thought to be able to accurately detect true K in most cases (Evanno et al. 2005) . The analyzed results of the DK estimation indicated the same number of clusters for assignment of these studying accessions, and we chose the log probability of data, the highest likelihood value (in PrX|K). Cluster analysis was performed to explore the genetic relationships among different seed-size groups of the accessions, and coalescent groups organized by both seed size and seed-coat color based on allele frequencies and Nei's distance with a bootstrap number of 1000 and a 0.95 confidence interval using PowerMarker version 3.25 (Liu and Muse 2005) . Ancestry analysis was carried out to reveal the occurrence of introgression within the subgenus Soja based on the ancestry analysis method developed by Oumar et al. (2008) .
Results
Genetic Diversity in Wild, Semi-wild, and Primitive Soybean Landraces
There were 310, 341, and 182 alleles among the 20 SSR markers in the wild, semi-wild soybean accessions, and primitive soybean landraces (Table 2) , with a mean of 15.5, 17.05, and 9.1 alleles per locus for the wild, semi-wild, and landrace soybeans. The mean parameters of genetic diversity (R, N e , h, and I) showed that the wild soybean was slightly more diverse than the semi-wild soybean (P . 0.05). However, the semi-wild soybean sample was larger. Both wild and semi-wild soybeans were found to be significantly more diverse than the landraces (P , 0.05) ( Table 2 ). The results showed that wild and semi-wild soybeans had a close genetic relationship. Furthermore, both wild and semi-wild soybeans maintained much higher mean heterozygosity levels (H o ) than soybean landraces, suggesting that wild and semi-wild soybeans had higher outcrossing rates (Kiang et al. 1992; Fujita et al. 1997) or that semi-wild soybeans had higher heterogeneous loci because of their introgressive origin between wild and cultivated soybeans (Hymowitz 1970; Wang et al. 2010 ).
Wild and semi-wild soybeans grow in natural ecological systems, and soybean landraces grow in farm ecological systems. For this reason, selection pressure across loci on wild (or semi-wild) soybeans and the landraces can differ, as shown by the coefficients of correlation (r) of genetic parameters across loci among the 3 types of plants (Table 3 ). All indexes of genetic diversity (N a , R, N e , I, and h) demonstrated that the lowest coefficients of correlation (r) appeared between the wild and soybean landraces, and 4 indexes (N a , R, N e , and I) yielded the highest coefficients between wild and semi-wild soybeans. They yielded middling values between semi-wild and domesticated landraces.
Only the gene diversity (h) index showed its highest value between semi-wild and domestic landraces (It also showed middling values between wild and semi-wild soybeans) (Table 2) . Overall, the wild and semi-wild soybean samples did not show obvious differences in genetic diversity, whereas significant differences in genetic diversity were found between the cultispecies and the generalized wild soybean. The primitive soybean landraces showed very low genetic diversity. These results suggest that semi-wild soybeans are not the domesticated intermediate between wild and cultivated soybeans in view of the fact that genetic diversity of the semi-wild soybean was not distinctly in the intermediate level between the wild and the landraces based on the viewpoint of soybean domestication.
In different accessions of different seed sizes, the genetic diversity estimates were listed in Table 3 . The diversity indexes did not reveal any significant differences between wild soybean seed-size groups. Among semi-wild soybeans, accessions with small-to-middling seed sizes (3.01-7.0 g per 100-seed weight) showed no significant differences among themselves and no diversity index values lower than those of wild soybeans. Only the large-seeded accessions (over 7.0 g per 100-seed weight) showed reduced diversity levels on the whole.
Occurrence of Genetic Differentiation in the Generalized Wild Soybean
Genetic diversity parameters shown in Tables 2 and 3 did not show obvious differences among wild accessions with different seed sizes and between wild and semi-wild soybeans as well as among semi-wild soybeans with smallto-middling seed sizes. However, F-statistics based on allele frequencies revealed genetic differentiation among seed size groups (Table 4) . In wild soybean, neighboring groups did not show obvious genetic differences. Two groups of plants with small seeds ( 1.5 and 1.6-2.0 g per 100-seed weight) showed no differentiation (F 5 0.001), whereas type I small seed group ( 1.5 g) showed significant differentiation from the middling (2.01-2.5 g) and large (2.51-3.0 g) seed-size groups. The type II small seed group (1.6-2.0 g) was not significantly different from the middling seed-size group out of the neighboring effect of grouping; however, it was significantly differentiated from the large seed-size group. Also, the middling and large seed-size groups of wild soybeans did not appear significantly different from each other and neither did they show significant differentiation from the smallest seeded semi-wild soybeans (3.01-3.5 g). In semi-wild soybean, notably, the smaller seeded (3.51-4.0 g) semi-wild soybeans were not significantly different from the large-seeded wild soybeans (Table 4) . These results suggest that wild soybeans with middling and large seed sizes (2.01-2.5 and 2.51-3.0 g) and semi-wild soybeans with small seed sizes (3.01-3.5 and 3.51-4.0 g) contained some similar genetic background. This is especially likely in the case of large-seeded wild soybeans and the 2 smallest seeded semi-wild soybeans. These were found to show almost no genetic differentiation from one another (F-statistics values 5 0.002-0.009) ( Table 4) . Table 2 Genetic diversity parameters per locus in Chinese Glycine soja (S), Glycine gracilis (G), and primitive Glycine max (M) No significant genetic differentiation was found between the majority of semi-wild seed-size groups of over 3.5-4.0 g. Only exceptionally, several seed-size groups showed obvious differences, such as large seed group M (7.01-7.5 g) from the small-to-middling seed group G (4.01-4.5 g) and group N (7.6-8.0 g) from all the small-to-middling seed-size groups (4.01-5.5 g); the largest seed-size group R (over 10.0 g) from the small-to-middling seed group H (4.51-5.0 g). Genetic differentiation with seed-size groups existed mainly within the wild soybean population and between wild soybeans and semi-wild soybeans with the smallest seed sizes (3.01-3.5 g). All wild and semi-wild seed-size groups were significantly different from the primitive soybean landraces (Table 4) .
Phylogenetic Structure in the Subgenus Soja
Clustering analysis showed that roughly 4 genetic groups existed within the subgenus Soja. These were the smallseeded wild soybean, middling-seeded wild soybean, semiwild soybean, and primitive soybean landraces (Figure 1) . The large-seeded wild soybean type (2.51-3.0 g) can actually be considered semi-wild when evaluated genetically, under which criteria it resembles the smallest seeded semi-wild type (3.01-3.5 g). In other words, the genetic boundary between wild and semi-wild soybeans was determined to be at the range of 2.51-3.0 g per 100-seed weight. All semi-wild soybean accessions were clustered into one large group comprising 6 genetically similar subgroups (a-f) of neighboring sizes, including all semi-wild soybeans with large seed sizes (7.01-7.5, 7.6-8.0, 8.01-8.5, 9 .01-10, and 10.01-13.5 g). There seemed to be an increase in genetic differentiation with seed size from wild to semi-wild soybean of large seed sizes. The middling-seeded wild soybean seemed to be genetically related to both wild and semi-wild soybeans, suggesting a dual origin, both natural and introgressive. Clustering analysis clearly revealed semi wild-type soybeans to be genetically similar to wild soybeans and completely different from cultivated soybeans (G. max) despite the inclusion of outsizeseeded types of semi-wild soybeans of subgenus Soja in this study (Figure 2 ).
The Bayesian clustering algorithm was applied to determine the proportion of genetic admixture for all accessions using the STRUCTURE analysis admixture model (Supplementary Figure S1 and Table 5 ). The 88 primitive landraces from 22 distinct Chinese provinces were assigned together into 1 whole cultivar group with the exception of only 3 varieties, which were entered into 3 other groups. Interspecies differentiation between wild and cultivated soybeans was self-evident. No semi-wild or wild soybean accessions were entered into the primitive landrace group, not even the largest seed semi-wild soybean accessions (13.5 g). The results strongly suggested that, genetically or taxonomically, semi-wild soybeans belong in the wild soybean category and that they are a variant of wild soybean and certainly not a type of cultivated soybeans, despite the existence of outsize-seeded semi-wild soybeans.
While examining genetic structure, we observed a correlation between seed-coat color and genetic differentiation among generalized wild soybeans. One of the purposes of this study was to determine whether seed size or seed-coat color is more important in determining evolutionary differences. Seed size and seed-coat color are 2 important evolutionary characteristics indicating the degrees of evolutionary relatedness within the subgenus Soja. The soybean has several basic seed-coat colors: yellow, green, brown, and black. In the Chinese wild soybean collection, typical wild soybeans have a small number of colored seedcoat accessions, whereas semi-wild soybeans have many . A combined phylogenetic classification system involving both seed-coat color and seed size showed that seed size predominated over seed-coat color in reflecting evolutionary degree within Soja (Figure 3 ). Seedcoat color also showed some influence on the phylogenetic relationships between seed-size groups within a certain scope. Accessions of a given seed size tended to cluster in groups of either yellow and green or black and brown seed coats. Sometimes yellow and green seed-coat groups would cluster with bigger seed-size groups.
Differences in Genetic Background among Seed-Size Groups in the Subgenus Soja
Commonly, genetic diversity levels and components of genetic backgrounds compose the direct cause of genetic differentiation in the subgenus Soja. Given the levels of genetic diversity found (Table 3) , the genetic differentiation among some seed-size groups (Figure 1 ) was difficult to explain. We compared the component proportions of the genetic backgrounds of 9 new merging seed-size groups Figure 1 . An UPGMA cluster for 21 seed-size groups of the Chinese subgenus Soja based on Nei's (1973) genetic distance with a bootstrap number of 1000 and a 0.95 confidence interval. The cluster shows 4 groups, small-seeded wild soybeans ( 1.5 and 1.6-2.0 g per 100-seed weight), middling-seeded wild soybeans (2.01-2.5 g), large-seeded wild soybeans (2.51-3.0 g), and primitive soybean landraces. Among wild soybeans, 2 small-seeded groups had the closest relationship, and middling-seeded and largeseeded soybeans were further apart from each other. Large-seeded wild soybeans were actually grouped as semi-wild soybeans, being closely related to semi-wild soybeans with the smallest seed size (3.01-3.5 g). This figure clearly suggests that semi-wild soybeans are genetically similar to wild soybeans and completely different from Glycine max despite the inclusion of extremely largeseeded soybeans in this study. Neighbor-joining clusters showing phylogenetic relationships between the 9 seedsize groups. Small-and large-seeded wild soybean groups were found to be closely related. Three larger seed types (7.01-13.4 g) of semi-wild soybean were found to be genetically similar, particularly the 2 largest seed types (8.6-9.0 and 9.01-13.4 g). Figure 2b more clearly demonstrates that there seemed to be a direct correlation between genetic differentiation and seed size among wild and semi-wild soybeans.
( Figure 2 ), and we observed that the component proportions of those genetic backgrounds were different among accessions of different seed sizes. The results indicated that these component differences could be one of mechanisms by which differentiation is caused (Table 6) . When compared with the small-seeded wild soybean, the most common shared alleles in various seed sizes varied from 51.29% to 76.82% with a mean of 69.55%. Basically, there were fewer common shared alleles among larger seedsize types (7.01-8.5 to 9.01-13.5 g). Among semi-wild soybeans, lost alleles gradually became more common as seed size increased. For example, 6.43% of wild-inherited alleles were absent from the 3.51-5.5 g group, 10.6% from the 5.6-7.0 g, 17.11% in 7.01-8.5 g, and steeply more than 31% in 2 largest seed sizes (8.6-9.0 and 9.01-13.4 g) ( Table 6 ). The landraces lost as many as 39.85% of their alleles relative to wild soybeans. We found that the middling-seeded wild soybean should have lost 18.67% of its alleles relative to the closely related small-seeded wild soybean. We estimated a mean ratio of 9.59% for newly added alleles in the wild soybean and of 12.94% in the semiwild soybean, which may include newly created alleles and introgressive cultivar-like alleles.
When compared with primitive landraces, the common shared alleles in various seed-size groups did not change much, but semi-wild soybeans with large seed sizes (7.01-13.4 g) showed noticeably fewer wild-inherited alleles and added cultivar-like alleles (Table 6 ). Various seed-size groups contained cultivar-like alleles, implying that these alleles were introgressive. Without question, large-seeded semi-wild soybean accessions hold more cultivated soybean genes.
More cultivar-like alleles were observed in wild soybeans with middling-sized seeds (10.56%) and large seeds (12.28%), and a mean of approximately 8.6% alleles was derived from cultivated soybeans by gene flow. The cultivarlike alleles that existed in small-seeded wild soybeans were estimated to be approximately 0.73% of the whole gene pool (Table 6 ). The actual value may be less than the estimated value due to sampling deviation because more no-seed bloom wild soybean accessions appeared in the small-seeded wild soybean samples than in other samples.
Introgression of Cultispecies Genes into Wild Soybeans
Gene flow between wild and domesticated soybeans is known to occur through natural hybridization (Wang et al. (Table 6 ). The middling-seeded and large-seeded wild soybean types seemed to contain higher levels of cultivar alleles (10.56% and 12.28%, respectively). Large seeds seemed particularly genetically similar to semi-wild soybean groups (Figures 1  and 2 ). For an insight into the interspecific introgression in the modern wild soybean, we performed an ancestor assignment analysis of the wild soybean accessions (Figure 4) . The results clearly indicated that introgression had occurred between wild and cultivated soybeans. The signs of introgression remained in the wild soybeans; most acceptable heterogeneous accessions were large seed sizes (2.5-3.0 g), accounting for 66.7% of the total wild heterogeneous accessions studied (33). The next most common were those of middling seed size (2.01-2.5 g) (27.3%, 9 accessions). The cultivar genes also had introgressed into typical wild soybean types ( 2.0 g) (6%, 2 accessions). Similarly, 6 primitive landraces, 6.8% accessions, were also found to contain wild soybean genes. The majority of interspecies heterogeneous accessions showed no-seed bloom, gray pubescence, white flower, and colored seed coats, often frequently occurring in soybeans. These results explained the phylogenic relationships between wild soybeans of different seed sizes and why middling-and large-seeded wild soybean types showed differentiation from the typical small-seeded wild soybean, as shown in Figures 1-3 and Tables 4 and 6. This study allowed us to distinguish a group of large-seeded wild soybeans (2.5-3.0 g) from traditionally classified wild soybeans. These should be genetically similar to semi-wild soybeans in that their major origin is believed to be involved in introgression from cultivated soybeans. A large proportion of middling-seeded wild soybean accessions may be similar to semi-wild soybeans in the same way.
Geographic Grouping among Samples of Wild, Semi-wild, and Primitive Soybean Landraces
The genetic structure of wild soybean species includes 2 fundamental components: phylogenetic and geographical relationships of genetic differentiation. Phylogenetic relationships were described above. Geographical relationships among Chinese-generalized wild soybeans have been discussed in many studies covering various geographical scales (Shimamoto et al. 1998; Xu and Gai 2003; Li et al. 2009; Wen, Ding, et al. 2009; Guo et al. 2010) . Here, we divided the sources of wild soybeans into 8 large geographical ranges within China: northeast, north, northwest, center, southwest, east, southeast, and south. This geographical structure was constructed using an admixture model of STRUCTURE analysis, and the results showed that the accessions could be assigned into 37 groups (Table 5) , including 9 single geographical groups (including 1 single small-seeded group and 5 semi-wild groups), 9 nonsingle geographical groups, and 18 geographically mixed groups (including 1 landrace group). Small-seeded wild soybeans appeared in a total of 18 groups (8 geographically mixed). Middling-seeded wild soybean accessions were clustered into 11 groups (6 geographically mixed). Large-seeded wild soybean accessions were scattered in 25 groups (15 geographically mixed). These results showed that the typical wild soybean has moderate geographical clustering and that large-seeded wild soybeans had the weakest geographical grouping. The wide distribution of large-seeded wild soybeans, more sympatric or coextensive with small-seed types, reflected the multiple site, randomness, and Table 6 Comparison of component proportions of diverse seed-size types against wild soybeans ( 2.0 g per 100-seed weight) and against landraces within the subgenus Soja extensiveness of their origin by introgression in space-time. The 88 primitive landraces from 22 provinces were assigned into 1 whole cultivar group, with the exception of 3 varieties, which were entered into 3 other groups. These results indicated that cultivated soybeans had weaker geographical clustering than wild soybeans. This showed the domesticated effect of the cultivated soybean species and its more intraspecies genetic exchange and greater geographical gene flow through artificial geographical seed introduction and dissemination.
Discussion
Genetic Bottleneck and Seed Sizes of the Subgenus Soja
The domestication of crops always causes a genetic bottleneck that reduces genetic diversity and causes the loss of alleles (Tanksley and McCouch 1997) . Many studies of SSR and DNA sequence data have confirmed that the speciation of cultivated soybeans from wild soybeans reduced genetic diversity (Maughan et al. 1995; Hyten et al. 2006; Wen, Zhang, et al. 2009; Guo et al. 2010; Li et al. 2010) . Hyten et al. (2006) showed that the genetic diversity of modern cultivars was also reduced relative to that of landraces. Our present results showed that, on average, genetic diversity decreased slightly in semi-wild soybeans and violently in primitive landraces, as indicated by the R, I, and h values ( Table 2 ). The slightly higher mean number of alleles in semi-wild soybeans was not significant considering the large number of semi-wild accession samples (669 accessions) relative to that of wild soybeans (153 accessions) (Table 2) ; however, the genetic richness of wild soybean was slightly higher than that of semi-wild soybean (R 5 14.921 and 14.867, respectively), which may be significant considering the large differences in the number of accessions determined between wild and semi-wild soybeans. The reduction of genetic diversity in semi-wild soybeans was mainly caused by the rapid reduction in various large-seeded types (over 7.0 g per 100-seed weight) ( Table 3 ). The loss of alleles took place not only in landraces and modern varieties Figure 4 . Occurrence of introgression between wild and cultivated soybeans of the subgenus Soja. There were high ratios of heterogeneous accessions in large-seeded wild soybeans (2.5-3.0 g) and even higher ones in middling-seeded wild soybeans (2.01-2.50 g). The most prominent characteristics were found in heterogeneous accessions. The majority of wild interspecies heterogeneous accessions showed no-seed bloom, gray pubescence, white flower, and colored seed coats. Small numbers of primitive soybean landraces were also found to be consanguineous with wild soybeans. (Hyten et al. 2006; Wen, Zhang, et al. 2009; Guo et al. 2010; Li et al. 2010 ) but also among different generalized wild soybeans of different seed sizes (Table 6 ). It was found wild soybeans of larger seed sizes (2.01-2.5 and 2.51-3.0 g) lost alleles as well. Two groups of semi-wild soybeans of smaller seed sizes (2.51-3.50 and 3.51-5.5 g) lost a smaller number of alleles (6.43-9.48%). The largest seed sizes (8.6-9.0 and 9.01-13.4 g) of semi-wild soybean lost more alleles (31.56-32.5%). The larger seed sizes (2.01-2.5 and 2.51-3.0 g) of wild soybean lost as many as 16.44-18.67% of their wild alleles, being near to that of semi-wild large-seeded plants (7.01-8.5 g), suggesting that wild soybean with larger seed sizes may have their own origin. The fact that a larger number of larger seed-size wild soybeans originated from the segregation of offspring of reciprocal hybridization between wild and cultivated soybeans , could explain why the larger seed-size wild soybeans also lost more alleles as semi-wild soybeans did. However, new alleles also appeared in large-seeded wild (mean 9.59%) and semi-wild soybean accessions (mean 12.94%) ( Table 6 ). The ratio of commonly present alleles between wild and semi-wild soybeans was significantly lower in semi-wild soybeans of large seed sizes (over 7.0 g), whereas the ratio of commonly present alleles between various semi-wild seed-size types and landraces did not show clear variation by seed size. The ratio of presumed wild-inherited alleles was lower and that of presumed cultivar-like alleles was higher in large-seeded wild soybean and semi-wild soybean accessions (Table 6 ).
Phylogenic Relationships within the Subgenus Soja
Thus far, wild soybeans have been defined by a seed size 3.0 g per 100-seed weight, and this criterion has been applied to the study of evolutionary and genomic differences between wild and cultivated soybeans. In this study, wild soybeans of larger seed sizes were identified as genetically different from the smaller seeded types ( 2.0 g), as shown by the genetic diversity and F-statistic values (Tables 3 and 4 ). In the subgenus Soja, seed sizes vary continuously, so we were unclear about where the genetic boundary between wild and semi-wild soybeans lay. However, our present study ascertained that the boundary should be located around 2.5 g per 100-seed weight. The F-statistics test demonstrated that both middling seed types (2.01-2.5 g) and large seed types (2.51-3.0 g) of wild soybean were significantly different from small seed types ( 2.0 g). It also showed that the smallest seed type (3.01-3.5 g) of semi-wild soybean was significantly genetically different from a series of other larger seed-size groups (Table 4 ). The genetic differentiation between seed-size groups mainly showed itself in component differences in the proportions of alleles, including allele number and frequency. Semi-wild plants have been considered to be a category of cultispecies (Hermann 1962; Chen and Nelson 2004) and named G. max format gracilis (Broich and Palmer 1980) . However, our results confirm that all these natural semi-wild soybeans (not including any primitive landraces) are generally more closely related to wild soybeans than to domesticated ones ( Figures  1 and 2 ), while morphologically, the small-seeded ones resembled wild soybeans, and the outsize-seeded ones were similar to the primitive landraces of cultivated soybeans. Morphologically, it may be suitable that 3 forms are designated to semi-wild soybean, that is, G. soja format gracilis (3.01-5.0 g), semi-G. max format gracilis (5.01-8.0 g), and G. max format gracilis (over 8.0 g).
Our results also suggest that middling-seeded wild soybeans are likely to have a dual origin involving both cultivar introgression and natural evolution, whereas the large majority of large-seeded wild soybeans are cultivar introgressive. Because large-seeded wild soybeans had the largest number of accessions that involved introgression from cultivar genetic backgrounds (Figure 3 and Table 6 ), the large-seeded wild soybean can be said to belong to the semi-wild soybean genetic category (Figures 1 and 2) . Cultivar introgression should be thought to be the one of the reasons involved in the genetic differentiation in different wild soybean seed-size groups. In other words, the effect of cultivar introgression extended into the scope of wild species, causing more addition of the number of larger seed wild soybean families (2.01-2.50 and 2.51-3.0 g). Any study on the comparative evolution and genomics should take into account the kinship between large-seeded wild soybean, even including middle-seeded wild soybeans, and semi-wild soybeans when selecting study materials.
The individual assignment test of accessions revealed that 85 accessions of the 88 studied were assigned to only one cultivar group and no wild or semi-wild accessions. Even the largest seeded accessions of over 10 g per 100-seed weight were assigned to the landrace group (Table 6) , which strongly suggests that semi-wild soybeans and cultivated soybeans have tremendous genetic differences and that semi-wild soybeans belong to the wild category and should be considered a variant of G. soja, not of G. max.
Geographical Affinity of the Chinese-Generalized Wild Soybean
With regard to the geographical structure and genetic diversity of the Chinese-generalized wild soybean, several studies reported genetic patterns in diverse geographical zones. These studies generally showed geographical differences among the northeastern, northern, central, and southern regions (Li et al. 2009; Wen, Ding, et al. 2009; Guo et al. 2010) . Our data from STRUCTURE analysis indicated moderate geographical grouping for Chinesegeneralized wild soybean accessions. For example, 50% of semi-wild groups, 53.3% of large-seeded wild soybean groups (2.01-3.0 g), and 44.4% of small-seeded wild soybean groups ( 2.0 g) were geographically mixed; 25%, 23.3%, and 11.1% were incompletely single regional, and 25%, 23.3%, and 44.4% were single regional, respectively (Table 5) .
Among semi-wild soybeans and large-seeded wild soybeans, the longest straight distance was 2537 km between accessions assigned to one geographical group, whereas among small-seeded and middling-seeded wild soybeans, the longest distances were 1526 and 1311 km, respectively. Clearly, semi-wild and large-seeded wild soybeans were influenced by the gene flow from cultivated soybeans due to the geographical introduction of domesticated soybeans. The introduction, breeding, and cultivation of domesticated varieties may have intensified the chances for long-distance allopatric introgression between the 2 species. The small-seeded wild soybean may have a slightly stronger geographical grouping, that is, relatively higher geographical relationship because of its relative higher incidence (44.4%) of single geographical groups. Several factors may have contributed to the moderate geographical grouping of the Chinese-generalized wild soybean, including long-distance dispersal of seeds (Soybean seeds can move as far as 12.4 km), rapid gene flow within areas of 100-200 km and the founder effect within 200 km, as have been observed in the Japanese wild soybean population (Kuroda et al. 2006 ).
Introgression of Cultispecies Genes and Disappearance of Transitional Ancestors in the Phylogenetic History of the Subgenus Soja
Fukuda (1933) considered the semi-wild soybean to be an evolutionary intermediate between wild and cultivated soybeans. Hymowitz (1970) proposed a hypothesis that semi-wild soybean originates in the hybridization between wild and cultivated soybeans, and many researchers supported this hypothesis by molecular studies (Shoemaker et al. 1986; Close et al. 1989; Abe et al. 1999 ). More recent evidence of morphology and populations (Wang and Li 2011a) has indicated the indubitable evidence that the semiwild soybean is from hybridization of wild and cultivated varieties. Although the subgenus Soja contains mostly selfpollinating plants, an intrapopulation outcrossing rate of 2.4-3.0% exists in wild soybean populations (Kiang et al. 1992) , and an interspecies outcrossing rate of 0.73% exists in the subgenus Soja (Nakayama and Yamaguchi 2002) . Such a low interspecies outcrossing rate has had a major impact on the subgenus Soja. The speciation of soybean cultispecies was an important event in the phylogenetic history of the subgenus Soja; it has strongly influenced wild soybean species, established semi-wild species, and allowed the flow of genes back into wild progenitor populations through introgression by natural crosses between wild and cultivated soybeans. Ever since the speciation of soybeans about 5000-6000 years ago in China (Carter et al. 2004; Zhao and Gai 2004) , the naissance of semi wild-type soybeans has been concomitant by natural crosses between wild and domesticated soybeans. Natural selection would favor smaller seeded morphs of wild cultivar natural cross offspring for ecological adaptation in the ecosystems present in China. At least 400 natural wild soybean populations across the distribution range were found to contain semi-wild plants, and about 1300 semi-wild accessions were collected and preserved in China's Seed Bank (at the end of 2010).
Thus far, we have not found any predominant or single populations of semi wild-type soybeans in wild fields in China. The distribution pattern of semi-wild plants within the wild populations was mostly scattered but of close proximity. In most cases, naturally occurring semi wild-type plants were in decline due to their weak ability to adapt to natural ecological systems, implying that semi-wild plants are short lived under natural conditions and that the fate of semi-wild plants in the wild is eventual extinction. This may have been why large areas and single populations of semiwild soybeans could be not found.
All existing semi-wild soybean plants growing in wild fields or germplasm accessions stored in the China's Seed Bank were not inherited from ancient times when soybeans were being domesticated from their wild progenitors. Semiwild soybean instead arose from the natural hybridization between wild and cultivated soybeans during a relatively brief period back in history or in recent years. We observed that some newly collected semi-wild lines would result in segregation of botanical characteristics in self-generations , reflecting their short creation history. The semi-wild lines have been fluctuating between birth and death all over the sympatric areas of wild and domesticated soybeans. The most effective way to inherit cultivar genes was the segregation of semi-wild plants toward small seeds or the occurrence of second or multiple intrapopulation introgressive hybridization among wild soybean individuals. In such cases, the plant morphs came to resemble wild soybeans. Such ''wild soybean'' individuals, as shown in Figure 4 , may survive despite maintaining cultivar genes in the wild populations.
However, a question to which people have always paid attention is whether the true transitional-intermediate ancestors from wild to cultivated soybean exist evolutionarily. Our present analysis using the Bayesian clustering algorithm to determine group assignment for individual accessions clearly revealed that none of the transitionalintermediate ancestors were present in the current semi-wild soybean germplasm pool. In other words, currently collected semi-wild soybean germplasm accessions from wild fields do not have transitional-intermediate ancestors.
Such intermediate ancestors may have disappeared during the process of the domestication of soybeans or during subsequent cultivation. The loss of domesticated intermediates was inevitable. A logical inference is that, in ancient times, when new and superior variant lines appeared, ancient people would naturally consume out the more primitive soybeans and stop cultivating them and prefer to sow the new and superior variant lines or varieties. Such processes would have been ceaselessly repeated. The initial domestication of the cultivated soybean occurred at least 5000-6000 years ago. Even today, some primitive soybean landraces have been losing out to more advanced soybean varieties. It can be said, then, that there is in nature, no true domesticated intermediate semi-wild soybean existing today. Even today's, most primitive landraces are actually cultispecies. Three varieties of the 88 primitive landraces analyzed in this study were assigned into semi wild-type groups, and these 3 landraces may retain some domesticated traces associated with wild soybeans. Perhaps, they once underwent genetic exchange with wild soybeans (as shown in Figure 4) . Currently, the most primitive soybean landraces, such as ''Moshidou'' and ''Maliaodou'' (4.0-5.0 g per 100-seed weight) preserved in the Chinese soybean collection in the Seed Bank, also called semi-cultivated soybeans (Broich and Palmer 1980) , are likely to contain concealed genetic secrets that can shed light on the domestication of soybeans.
We should realize that most of the natural semi-wild soybean accessions preserved in China's Seed Bank (all those used here were collected from wild populations) possess wild-cytoplasmic genomes due to the fact that most semi-wild soybean plants were produced by gene flow from soybean fields into natural wild soybean populations Wang and Li 2011a) . The occurrence of gene flow from cultivated to wild soybeans also accompanied the appearance of many cultivar characters, such as white flower, gray pubescence, no-seed bloom, and colored seed coats. Semi-wild soybean accessions with colored seed coats accounted for 64% of the collection. Our results showed that seed-coat colors also reflected some of the evolutionary relationships in the subgenus Soja; yellow and green seed-coat types seemed more common than black and brown seed-coat types. However, seed size showed itself more useful than seed-coat color with regard to representing degrees of evolutionary relatedness (Figure 3) . Based on our present data (Figure 4) , the white flower, gray pubescence, no-seed bloom, and colored seed-coats that appeared in the great majority of wild soybean accessions originated from introgression from domesticated soybeans and not from the original gene sources of cultivated soybeans (Wang and Li 2011b) .
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